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Abstract: Leaf shape can reflect the survival and development of plants in different environments.
In particular, leaf area, showing a scaling relationship with other leaf-shape indices, has been used
to evaluate the extent of salt stress on plants. Based on the scaling relationships between leaf area
and other leaf-shape indices in experiments at different levels of salt stress, we could examine which
leaf-shape indices are also related to salt stress. In the present study, we explored the effects of
different salt concentration treatments on leaf dry mass per unit area (LMA), the quotient of leaf
perimeter and leaf area (QPA), the quotient of leaf width and length (QWL), the areal quotient (AQ)
of left and right sides of a leaf and the standardized index (SI) for bilateral symmetry. We treated
Pyrus betulifolia Bunge under NaCl salt solution of 2%, 4% and 6%, respectively, with fresh water
with no salt as the control. The reduced major axis (RMA) was used to fit a linear relationship of
the log-transformed data between any leaf trait measures and leaf area. We found that leaf fresh
weight and dry weight decrease with salt concentration increasing, whereas the exponents of leaf
dry weight versus leaf area exhibit an increasing trend, which implies that the leaves expanding in
higher salt environments are prone to have a higher cost of dry mass investment to increase per unit
leaf area than those in lower salt environments. Salt concentration has a significant influence on leaf
shape especially QWL, and QWL under 6% concentration treatment is significantly greater than
the other treatments. However, there is no a single increasing or decreasing trend for the extent of
leaf bilateral symmetry with salt concentration increasing. In addition, we found that the scaling
exponents of QPA versus leaf area for four treatments have no significant difference. It indicates
that the scaling relationship of leaf perimeter versus leaf area did not change with salt concentration
increasing. The present study suggests that salt stress can change leaf functional traits especially the
scaling relationship of leaf dry weight versus leaf area and QWL, however, it does not significantly
affect the scaling relationships between leaf morphological measures (including QPA and the extent
of leaf bilateral symmetry) and leaf area.
Keywords: areal quotient of the left and right sides of a leaf; leaf area; leaf bilateral symmetry; leaf
dry mass; salt damage
1. Introduction
Land salinization has been a global environmental issue, especially in more than 100 countries
located in the arid, semi-arid and coastal areas [1,2]. The global area of salinized soil is around 1 billion
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hectares, accounting for 25% of the world’s land area [3]. It has been estimated that land salinization
could lead to a 50% loss of arable land by 2050 [4]. Crop yields from salt and other related abiotic
stress can drop by half [5,6]. Due to the vast territory, complex geology and terrain, as well as the
interaction between the Eurasian continental climate and the Pacific monsoon, soil salinization is
relatively pronounced in China [7], with its 33% of cultivated land area about 9.9 × 107 hectares
characterized as saline-alkali [8]. Intensifying human activities in the country will further accelerate
soil salinization at an annual rate of increase by millions of hectares. This trend will inevitably suppress
land productivity and agriculture sustainability, posing adverse effects on the environment and the
socioeconomic system. It is of great ecological and social values to develop approaches to alleviate soil
salinity at a massive scale.
To date, there are two main methods to develop and utilize saline-alkali land: (i) directly change
salt content and related chemical properties in the soil, and (ii) use genetic engineering and plant
cultivation to improve salt tolerance in plants [9]. The first method normally adopts the strategy
of washing salt by drainage or irrigation to reduce the salt content. It has high demand for fresh
water, which is scarce in most saline-alkali land distributed mainly in arid or semi-arid areas, and
thus cannot be widely implemented. Washing salt would also take away soil nutrients, causing it
to become barren. The second method is to screen salt-tolerant genotypes and salt-tolerant plants.
It can potentially improve saline-alkali soil by absorbing soil salt and increasing soil organic matter
and nutrients. It could be quickly expanded to a large extent and add additional economic value from
plants producing industrial raw materials such as gum, resin, pulp and feed. Consequently, it has been
favored over the first method in addressing the regional issue of land salinization.
The response of plants to salt stress is complex, in the form of plant physiology, morphology
and metabolism. Different plant varieties [10,11] in different growth periods [12,13] have different
salt-tolerance mechanisms and abilities. Energy consumption for plants under long-term salt stress can
be greater than energy production, reducing energy supply and leaf area (wilting and reduction in leaf
number). Salt stress can also reduce photosynthetic rate and nutrient supply, slowing down organic
matter accumulation in roots, stems and leaves, thus inhibiting plant growth [14]. Enzyme activities
related to plant physiology and metabolism can also be affected by salt stress, leading to failed life
cycles and ultimately plant death [15]. The most notable effect of salt damage on plants is on the
morphology and phenotypic characteristics of plants. Leaf is an important organ for plants to maintain
normal growth and life cycles [16] through photosynthesis and transpiration [17,18]. Leaf condition
can be indicative of plant health status. Under salt stress, leaves will exhibit corresponding responses.
As leaf-shape indices can reflect the growth and development of leaves; they can be used to evaluate
plant performance in different environments [19], including under salt stress. In particular, leaf area has
been used as an important index to assess salt damage in plants [20] as demonstrated using common
beans (Phaseolus vulgaris L. cv. Derakhshan) [21].
Leaf shape can be captured by a rich array of indices [22–24], and few studies have explored the
possibility of using other leaf-shape indices to detect salt impact [25,26]. By analyzing the relationship
between other leaf-shape indices and leaf area, we can quantify different facets of salt stress in plants.
Here, we chose leaf dry mass per unit area (LMA), the quotient of leaf perimeter and leaf area (QPA),
the quotient of leaf width and length (QWL), the areal quotient (AQ) of left side and right side of
a leaf and standardized index (SI) for bilateral symmetry to detect salt damage. In particular, the
scaling relationship between leaf area and dry weight [27] can be represented by LMA [21]. LMA is
related to leaf thickness, shape and area, and reflects the ability of light interception and self-protection
under strong light. LMA follows an increasing function of leaf area [28,29]. The proportional model
proposed by Montgomery [30] provides a non-damage approach to measure leaf area by the product
of leaf width and length [31,32] and can be used to compare leaf shape under different conditions [33].
Leaf bilateral symmetry (AQ and SI), which refers to the comparison of the leaf area along the left
and right sides of the main vein, is also an important characteristic of leaf shape, resulted from light
heterogeneity [34]. In addition, we included QPA to explore the relationship between leaf shape and
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salt tolerance, as little research has been done on the relationship between leaf perimeter and leaf area
and the potential cross-effect of leaf perimeter on leaf symmetry and leaf area [35].
Pyrus betulifolia Bunge is a wild species of the genus Pyrus L. of Rosaceae family. As a variety
of Oriental pear (Asian pear) [36], it is native to East Asia and mainly distributed in China, Korean
peninsula and Japan [37]. It has good grafting affinity with the Oriental pear and Western pear, and is
an important parent of dwarf rootstock and resistance breeding [38,39]. It is the main grafting stock
of pear varieties in northern China. The characteristics of the rootstock can affect the absorption of
mineral nutrients, tree shape, tree yield and fruit quality. Using P. betulifolia as grafted rootstock can
significantly improve the salt tolerance of Pyrus [40,41], with the grafted pear varieties possessing
abilities for wind, cold, drought and salt-alkali resistance, as well as a well-developed root system, fast
growth and strong adaptability. It is an important resistance resource of Pyrus germplasm [42].
2. Experimental Process and Data Analysis
2.1. Experimental Materials
We selected 24 healthy biennial P. betulifolia seedlings with similar height and ground diameter
from the field in Baima Town of Jiangsu Province (31◦36′45′′ N, 119◦12′43′′ E) on 26 March 2018, and
transplanted each into plastic flower pots with a diameter of 30 cm and a height of 30 cm. The soil matrix
was composed of nutrient soil: vermiculite: perlite = 1:1:1 volume ratio. The seedlings were maintained
in the Teaching and Learning Base of Nanjing Forestry University (31◦36′45′′ N, 119◦09′16′′ E) in
Baima Town. The seedlings were kept for six months to ensure root restoration, during which we
unified regular and quantitative watering, daily maintenance and management, as well as pest control,
to ensure the healthy growth of seedlings.
We chose to carry out the experiment in early autumn of 2018 to avoid the potential effect
of summer high temperature in Nanjing. All dates included in this paper refer to the same year.
On 10 September, seedlings with similar growth were selected for salt stress treatment. NaCl was used
to prepare 2%, 4%, 6% salt solution (NaCl mass as a percentage of soil dry weight) and 0% solution
as control. Six seedlings were treated with each salt concentration. Every other day, 200 mL 2% salt
solution was added to the pot (a tray was placed at the bottom of each pot; any solution in the tray
was poured back into the pot). When the treatment reached the required salt concentration, the same
amount of water was added to ensure the consistency of the experiment. For seven days, all plant pots
reached the specified salt concentration. This not only prevents plants from dying immediately after
being suddenly exposed to a high concentration solution, but also prevents the solution from flowing
out from the bottom of the pot. The 35-day salt treatment experiment started on 16 September, and
200 mL of water was used every three days to irrigate the soil to ensure that there was no drying.
All intact and undamaged leaves from experimental plants (with a mean of 40–50 leaves per
plant) were picked at 9 a.m. on 20 October and placed in self-sealing bags (28 cm × 20 cm). In other
words, the healthy leaves of all experimental plants were used to reduce the potential influence caused
by the sampling positions of leaves. The leaves (at least 200 leaves per salt concentration) treated
with the same salt concentration were placed in the same self-sealing bags. All leaves were placed
in the incubator with ice bags to avoid water loss. Then, the petiole was reduced to the same length
with scissors, and the leaf was wiped and weighed quickly with an electronic balance (Type: ML 204;
Mettler Toledo Company, Greifensee, Switzerland; measurement accuracy is 0.0001 g).
2.2. Leaf Image Acquisition and Leaf Edge Extraction
Leaf was scanned by a scanner (Type: Aficio MP 7502; Ricoh, Tokyo, Japan), and all image
pixels were set to 600 dpi. The extraction of plane coordinates of leaf edge was obtained by using the
Matlab program compiled by Shi et al. [43,44]. The leaves were then placed in kraft paper envelopes
(16.5 cm × 22.5 cm) and dried in ovens (Type: XMTD-8222; Jinghong Experimental Equipment Co.,
Ltd., Shanghai, China). The leaves were first dried at 105 ◦C for 2 h, then dried at 80 ◦C for 48 h until
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the weight of the leaves was constant. The leaves were taken out and cooled to room temperature
(25 ◦C). The dry weight of the leaves was measured by the electronic balance.
2.3. Data Acquisition of Leaf-Shape Indices
The leaf-shape indices including leaf area, LMA, leaf perimeter, leaf width, leaf length, AQ and
SI were obtained by R script developed in references [44,45] based on R statistical software (version
3.2.2) [46].
2.4. Data Analysis
2.4.1. Leaf Water Content
We calculated the absolute water content (Wa) as:
Wa = WF −WD (1)
where WF is leaf fresh weight; WD is leaf dry weight.
2.4.2. The Relationship between Leaf Area and Dry Weight
The power function formulas and logarithmic linearization of the power function for leaf area
(A, cm2) and dry weight (WD, g) [28,29] are described as follows:
WD = aAb ⇔ ln(WD) = ln(a) + bln(A) (2)
where a and b are the constants to be estimated.
2.4.3. The Relationship between Leaf Area and LMA





The following formula can be deduced from Equations (2) and (3), and logarithmic linearization
of the power function:
LMA = aAb−1 ⇔ ln(LMA) = ln(a) + (b− 1)ln(A) (4)
⇒ y = α+ (b− 1)x (5)
where x = ln(A), y = ln(LAM), α = ln(a).
2.4.4. The Relationship between Leaf Area and QPA





There is a proportional relationship between leaf area and perimeter as follows:
P = βAθ (7)
where β and θ are both constants to be fitted.
From Equations (6) and (7), the relationship between leaf area and QPA can be obtained, and the
power function is logarithmically linearized to obtain the following formula:
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QPA = βAθ−1 ⇔ ln(QPA) = ln(β) + (θ− 1) ln(A) (8)
⇒ y = c + (θ− 1)x (9)
where x = ln(A), y = ln(QPA), c = ln(β).
2.4.5. The Relationship between Leaf Area and QWL
There is a proportional relationship between leaf area and product of leaf width (w, cm) and
length (l, cm) [31,32]:
A = k(w× l) (10)
where k is a constant to be fitted.





From Formulas (10) and (11), we can deduce the following formulae:




2.4.6. The Areal Quotient of the Left Side and Right Side
A leaf can be divided into left side and right side by the symmetrical axis along the central main
vein (Figure 1A). The leaf symmetry extent can be expressed by the areal quotient of the left side (AL,





Symmetry 2019, 11, x FOR PEER REVIEW 5 of 15 
 
2.4.5. The Relationship between Leaf Area and QWL 
There is a proportional relationship between leaf area and product of leaf width (w, cm) and 
length (l, cm) [31,32]: 𝐴 = 𝑘 𝑤 × 𝑙  (10) 
where k is a constant to be fitted. 
If the quotient of leaf width and length is a constant (λ), that is: 𝜆 = 𝑤𝑙  (11) 
From Formulas (10) and (11), we can deduce the following formulae: 𝐴 = 𝑘𝜆𝑙  or 𝐴 = 𝑘𝑤𝜆  (12) 
2.4.6. The Areal Quotient of the Left Side and Right Side 
A leaf can be divided into left side and right side by the symmetrical axis along the central main 
vein (Figure 1A). The leaf symmetry extent can be expressed by the areal quotient of the left side (AL, 
cm2) and right side (AR, cm2), namely AQ: AQ = 𝐴𝐴  (13) 
2.4.7. Standardized Index for Bilateral Symmetry 
We used strips of the same width to cut the line segment through leaf apex and base vertically 
(Figure 1B), and used ALi and ARi to r present the area of the strips on the leaf left and right sides. SI 
ca  be expressed as the following Formula [47]: 
SI = 1𝑛 |𝐴 − 𝐴 |𝐴 + 𝐴  (14) 
where n denotes the number of strips. 
 
Figure 1. Measurement of bilateral symmetry for a leaf of P. betulifolia. The leaf base is on the left and 
the apex is on the right. The upper side of the solid line connecting them is the area of the left side of 
the leaf, and the lower side is the area of the right side of the leaf. (A): The areal quotient of the left 
and right sides of P. betulifolia. (B): Standardized index for leaf bilateral symmetry of P. betulifolia. For 
Figure 1. Measurement of bilateral symmetry for a leaf of P. betulifolia. The leaf base is on the left and
the apex is on the right. The upper side of the solid line connecting them is the area of the left side of
the leaf, and the lower side is the area of the right side of the leaf. (A): The areal quotient of the left
and right sides of P. betulifolia. (B): Standardized index for leaf bilateral symmetry of P. betulifolia. For
illustration here, we only show the division of a leaf into five equal parts; note, in practice, we divided
the leaves into 1000 parts for the mean and absolute difference of the mean and variance between the
left and the right leaf areas.
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2.4.7. Standardized Index for Bilateral Symmetry
We used strips of the same width to cut the line segment through leaf apex and base vertically
(Figure 1B), and used ALi and ARi to represent the area of the strips on the leaf left and right sides.









where n denotes the number of strips.
3. Results
After five weeks of salt stress, we can clearly detect phenotypic differences between leaves of
P. betulifolia treated with different salt concentrations (Figure 2).
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Figure 2. Photographs (Type: EOS 750D; Canon Inc., Oita Prefecture, Japan) of P. betulifolia leaves
treated with different salt treatments.
It can be seen from Figu 3 that leaf fresh weight, leaf dry weight and absolute water content of
P. betulifolia showed the same trend under different salt treatments. The three indices were significantly
higher u der the control and 2% salt conc ntration treatment than those under th two other higher
concentrat on treatments.
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Figure 3. Comparisons of leaf fresh weight, dry weight and absolute water content of P. betulifolia
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Among the four treatments, the estimates of the slope obtained from fitting the data of leaf dry
weight and area data for different treatments are different, ranging from 1.113 (0%) to 1.186 (2%),
and all slope estimates are greater than 1.0. All coefficients of determination (i.e., R2 values) are high,
ranging from 0.908 to 0.972 (Figure 4). At the same time, we aggregated all leave data. The slope
estimates of leave area and dry weight are still greater than 1.0 (Figure 5), between the minimum (1.113)
and maximum (1.186) of a single treatment (Figure 4).
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Figure 4. Fitted power-law relationships between leaf dry weight and area of P. betulifolia under four
salt treatments. Here, y represents ln(dry weight); x represents ln(leaf area); 95% CI represents the 95%
confidence interval of the slope; R2 is the coefficient of determination, which is used to measure the
goodness of fit; n is the sample size, i.e., the number of leaves sampled.
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data) of P. betulifolia. Here, y represents ln(dry weight); x represents ln(leaf area); 95% CI represents the
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goodness of fit; n is the sample size for the pooled data, i.e., the number of leaves sampled.
We detected significant differences both in leaf area and LMA among different salt treatments
(Figure 6), with the overall trends (except the 2% salt concentration treatment whose median
was slightly greater than that of the control group) gradually decreasing with the increase of salt
concentration (Table 1).
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Table 1. Effects of different salt treatments on leaf area and LMA of P. betulifolia.
Treatment A (cm2) LMA (g/cm2)
0% 19.36 ± 9.14 ab 0.0074 ± 0.0009 a
2% 21.43 ± 8.55 a 0.0067 ± 0.0011 b
4% 19.03 ± 9.02 bc 0.0063 ± 0.0009 c
6% 17.26 ± 7.39 c 0.0065 ± 0.0008 bc
Notes: a, b and c are used to show the significance of difference between means of any two treatments. In each
column of Table 1, the same letters represent a non-significant difference, whereas different letters represent a
significant difference at p < 0.05.
There is a negative correlation between leaf area and QPA (Figure 7). The correlation coefficients
of leaf area and QPA are all negative, and all corresponding P values are smaller than 0.01 (Table 2).
Therefore, there is a strong negative correlation between leaf area and QPA. There are significant
differences in QPA of leaves treated with different salt concentrations (Figure 8A). QPA increased
gradually with the increase of salt concentration.
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Figure 7. Fitted scaling relationship between the quotient of leaf perimeter and area (QPA) and the
area of P. betulifolia under 4 salt treatments. Here, y represents ln(QPA), where QPA is the quotient of
leaf perimeter and leaf area; x represents ln(leaf area); 95% CI represents the 95% confidence interval of
the slope; R2 is the coefficient of determination which is used to measure the goodness of fit.
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Table 2. Correlation coefficients between QPA (and QWL) and leaf area (A) of P. betulifolia. P below
represents the significance of any correlation coefficient.
Treatment QPA-A P QWL-A P
0% −0.8739 <0.01 −0.0204 0.7664
2% −0.9168 <0.01 − .1 22 0.1459
4% −0.9094 <0.01 −0.0001 0.9984
6% −0.9081 <0.01 −0.1808 <0.01
There is a significant proportional relationship between width and length (Table 3). The quotient of
leaf width and length varied with salt concentration, ranging from 0.6002 to 0.6707, with the coefficients
of determination from 0.9792 to 0.9845. Although QWL treated with 6% salt treatment is significantly
higher than other low salt concentrations (Figure 8B) and the correlation coefficients between QWL
and leaf area are all negative (Table 2), there are no significant differences.
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Table 3. Estimates of the coefficient of proportionality between leaf length and width, standard
deviations (SD), and coefficients of determination (R2) for four salt treatments of P. betulifolia.
Treatment Estimate SD R2
0% 0.6048 0.0059 0.9799
2% 0.6167 0.0062 0.9801
4% 0.6002 0.0053 0.9792
6% 0.6707 0.0052 0.9845
There are significant differences in AQ among the four salt concentrations (Figure 8C). The AQ
value treated with 4% salt concentration is the highest (Table 4), but there is no obvious rule.
The correlation coefficients between AQ and leaf area of four salt concentrations are positive and
negative (ranging from −0.2669 to 0.0169), indicating a weak correlation (Table 5).
There are significant differences in SI among the four salt concentrations (Figure 8D). The SI value
treated with 6% salt concentration is the highest (Table 4). The correlation coefficients between leaf
area and SI of four salt concentrations range from −0.4400 to −0.1449 (all p < 0.05), indicating a strong
negative relationship (Table 5).
Table 4. Effects of different salt treatments on leaf AQ and SI of P. betulifolia.
Treatment AQ SI
0% 1.0101 ± 0.2506 ab 0.1337 ± 0.0783 ab
2% 1.0202 ± 0.2676 ab 0.1265 ± 0.0740 b
4% 1.0789 ± 0.4167 a 0.1517 ± 0.1075 a
6% 0.9785 ± 0.2986 b 0.1510 ± 0.1079 a
Notes: a and b are used to show the significance of difference between means of any two treatments. In each column
of Table 1, the same letters represent a non-significant difference, whereas different letters represent a significant
difference at p < 0.05.
Table 5. Correlation coefficients between AQ and SI and leaf area (A) of P. betulifolia. P below represents
the significance of any correlation coefficient.
Treatment Code AQ-A P SI-A P
0% 0.0169 0.8054 −0.1449 <0.05
2% −0.0791 0.2607 −0.2468 <0.01
4% −0.2669 <0.01 −0.4138 <0.01
6% 0.1075 0.0837 −0.4400 <0.01
4. Discussion
As an important index of leaf shape, leaf area is positively correlated with leaf dry weight, but its
increase usually does not keep pace with that of leaf dry weight [28,29]. The determination coefficients
under all treatments were greater than 0.9 (Figures 4 and 5), indicating that the scaling relationship
between leaf mass and leaf area under different salt treatments are all strong. The leaf area of 2%
salt concentration treatment was only slightly higher than that of the control (Table 1), potentially
due to the stimulation from low concentration of salt in soil. Such low concentration of salt can be
decomposed by plants to provide some inorganic ions as nutrients, promoting to some extent the plant
growth [48]. This may only be a short-term effect, as long-term exposure to even low concentrations
of salt in the environment can produce an inhibitory effect. In particular, when a plant is under salt
stress, salt solution in the root system has a low water potential and cannot supply water to the leaves.
The leaves suffer due to the lack of water and excessive concentration of ions, resulting in partial ion
and nutrient loss. Due to the key role of water during leaf photosynthesis [15], plant growth and
development will slow down from salt stress, resulting in a decrease in the development rate of leaf
area expansion [49,50]. Specifically, salt damage can shorten the elongation zone and/or period of
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the leaves, reducing the growth rate of leaves and the rate of local blade expansion [51]. That is, the
reduction of leaf area reduction is the adaptation of plants to salt stress. It is beneficial to reduce water
transpiration and nutrient supply demand, and leading to the destruction of the energy distribution of
leaf supply growth.
There is a negative correlation between leaf area and QPA (Figure 7). The high coefficient of
determination indicates a strong relationship between the two. QPA values have no significant
difference among three salt treatments (Figure 8A), and QPA under 2% salt concentration is lower
than those under two higher salt concentration treatments (Table 2). It again indicates that 2% salt
concentration could have produced a short-term proliferating effect on leaf growth.
Leaves treated with same salt concentration had a similar width-length quotient (i.e., λ in λ = w/l
could be expressed as a constant), although the quotient differed significantly between treatments
of different salt concentrations. As the determination coefficients from linear regression of width
and length was high, ranging from 0.979 to 0.985 (Table 3), it supports a proportional relationship
between leaf width and length. Since the formula of leaf area versus the width and length is known
(Equation (10)), we can expect a linear relationship between leaf area and the square of leaf width or
the square of leaf length: that is, A = kλl2 or A = (kw2)/λ, which is independent of the quotient of leaf
width and length. Therefore, QWL could not reflect the salt tolerance of plants.
As plants are often engaging in intense light/space competition with neighboring plants in a
community [52,53], trees will change their tree structure by expanding horizontally and vertically the
branch and crown for basic survival and growth [54]. Such competition will also affect the leaf-shape
indices and the bilateral symmetry of leaves [55]. When one part of the leaf is occluded and the
other part illuminated by light, the nutrient supply in the leaf will become asymmetric, which can
be reflected by the leaf shape and its bilateral symmetry. A leaf in a relatively regular and sufficient
space normally has strong bilateral symmetry [31]. Plants need to have different intensities of light to
maintain basic metabolism and production in diverse environments. The light utilization efficiency of
P. betulifolia leaves, as expected, differed among different salinity conditions, which in turn affects the
bilateral symmetry of leaf (depicted by the areal quotient of the left and right side of a leaf, AQ, and
the standardized index for bilateral symmetry, SI). Little regularity was found between AQ and salt
concentration (Figure 8C, Table 4), and between AQ and leaf area (Table 5). AQ thus cannot be used as
a leaf index to evaluate plant salt tolerance. When the leaf shape is approximately a parallelogram, AQ
approaches 0, equivalent to complete symmetry. This was the reason why we also introduced SI to
test whether leaf symmetry can be indicative of salt damage. According to Equation (14), the quotient
of absolute value of the difference between the left and right side area of each strip to total area of
each strip was superimposed to avoid the situation that the areas of the left and right side were similar
but with different shapes. From Table 5, we can see that the correlation coefficient between SI and
leaf area was all negative (p < 0.05), and SI increased gradually with the increase of salt concentration
(Figure 8D). However, the SI of leaves treated with 2% salt concentration was slightly lower than that
of control, exhibiting a similar pattern of leaf area and QPA, mainly due to the short-term stimulation
of low salt concentration on plant growth.
5. Conclusions
We found that there are significant differences in leaf biomass (both for leaf fresh weight and dry
weight) among the control group and two higher salt concentration treatments (i.e., 4% and 6%)
whereas there is no significant difference in leaf biomass between the control group and the 2% salt
concentration treatment. The estimates of the scaling exponent of leaf dry weight versus leaf area for
two higher salt concentration treatments are slightly greater than that of the control group because
the 95% CIs for the former two treatments do not overlap with that of the control group. However,
the estimated scaling exponent of leaf dry weight versus leaf area for the lower salt concentration
treatment (i.e., 2% salt concentration) has no significant difference with that of the control group.
This means that to increase per unit leaf area for two higher salt concentration treatments will require
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more leaf dry mass input than the control group and the 2% salt concentration treatment. Thus, a high
salt concentration is more likely to result in small leaves to reduce the cost of dry mass investment for
enlarging leaf area (i.e., diminishing returns [29]). However, a higher concentration appears not to
largely change the leaf shape of P. betulifolia. Despite a weak positive correlation between leaf area
and the quotient of leaf width and length (QWL) under 6% salt concentration treatment, QWL did
not show a significant correction with leaf area for the remaining treatments including the control
group. However, we demonstrated that leaf width is proportional to leaf length, which implies that
leaf area can be approximately proportional to the square of leaf length according to the Montgomery
equation assuming that leaf area is proportional to the product of leaf length and width. In addition,
we found that there is a significant scaling relationship between the quotient of leaf perimeter and
area (QPA) and area, and the estimated scaling exponents of QPA versus area for four treatments were
approximately equal to −1/2, which indicates that leaf perimeter is actually proportional to leaf area
to the power 1/2. With regard to leaf bilateral symmetry measure, the areal quotient (AQ) of the left
and right sides has been demonstrated to have no correlation or a weak correlation with leaf area
for different treatments, but the standardized index (SI) for leaf bilateral symmetry was found to be
strongly related to leaf area in this study, which suggests that to use AQ as a leaf bilateral symmetry
measure indicator is better than SI for this plant. We then found that there are no significant differences
in AQ among the control group and the 2% and 4% salt concentration treatments. However, the
6% salt concentration treatment has a significant difference in leaf bilateral symmetry with another
three salt concentration treatments. Furthermore, it also has a significant difference in QWL with the
others. This means that the 6% salt concentration treatment has actually led to a change in leaf shape
of P. betulifolia. However, we did not measure the influence of the salt concentrations higher than 6%
on leaf traits of this tree species, which deserves a further investigation.
Author Contributions: C.F. and X.Y. designed the experiment and wrote the initial version of this manuscript;
P.S. analyzed the data; C.H. revised the manuscript to a large extent; X.Y., L.M., C.L. and Q.Z. carried out the
experiment; P.S. and X.Y. further revised the manuscript according to the comments from three reviewers; all
authors read and commented on the manuscript; X.Y. and P.S. contributed equally to this work.
Funding: The research was funded by the research and demonstration project of agro-forestry complex
management technology of salt-tolerant coastal tree species (grant number: CX (16) 1005). P.S. was supported by
the Development, Planning and Discipline Construction Department of Nanjing Forestry University (without
grant number).
Acknowledgments: We are grateful to the three anonymous reviewers for their valuable comments on the earlier
version of this manuscript.
Conflicts of Interest: The authors declare no conflicts of interest.
References
1. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
[PubMed]
2. Ghassemi, F.; Jakeman, A.J.; Nix, H.A. Salinisation of Land and Water Resources: Human Causes, Extent,
Management and Case Studies; University of New South Wales Press Ltd.: Canberra, Australia, 1995.
3. Zhu, J.K. Plant salt tolerance. Trends Plant Sci. 2001, 6, 66–71. [CrossRef]
4. Wang, W.X.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: Towards
genetic engineering for stress tolerance. Planta 2003, 218, 1–14. [CrossRef] [PubMed]
5. Boyer, J.S. Plant productivity and environment. Science 1982, 218, 443–448. [CrossRef] [PubMed]
6. Bray, E.A.; Bailey-Serres, J.; Weretilnyk, E. Responses to Abiotic Stresses. In Biochemistry and Molecular Biology
of Plants; Gruissem, W., Buchannan, B., Jones, R., Eds.; American Society of Plant Physiologists: Rockville,
MD, USA, 2000; pp. 1158–1249.
7. Zhao, K.F.; Li, F.C.; Zhang, F.S. Halophytes in China; Science Press: China, Beijing, 2013.
8. Flowers, T.J. Improving crop salt tolerance. J. Exp. Bot. 2004, 55, 307–319. [CrossRef] [PubMed]
9. Zhao, K.F.; Fan, H. Saline Plants and Their Adaptive Physiology to Saline Habitats; Science Press: Beijing,
China, 2005.
Symmetry 2019, 11, 991 14 of 15
10. Essa, T.A. Effect of salinity stress on growth and nutrient composition of three soybean (Glycine max L.
Merrill) cultivars. J. Agron. Crop Sci. 2002, 188, 86–93. [CrossRef]
11. Gulen, H.; Turhan, E.; Eris, A. Changes in peroxidase activities and soluble proteins in strawberry varieties
under salt-stress. Acta Physiol. Plant 2006, 28, 109–116. [CrossRef]
12. Davenport, S.B.; Gallego, S.M.; Benavides, M.P.; Tomaro, M.L. Behaviour of antioxidant defense system in the
adaptive response to salt stress in Helianthus annuus L. cells. Plant Growth Regul. 2003, 40, 81–88. [CrossRef]
13. Kim, J.K.; Bamba, T.; Harada, K.; Fukusaki, E.; Kobayashi, A. Time-course metabolic profiling in
Arabidopsis thaliana cell cultures after salt stress treatment. J. Exp. Bot. 2007, 58, 415–424. [CrossRef]
14. Morabito, D.; Jolivet, Y.; Prat, D.; Dizengremel, P. Differences in the physiological responses of two clones of
Eucalyptus microtheca selected for their salt tolerance. Plant Sci. 1996, 114, 129–139. [CrossRef]
15. Munns, R. Physiological processes limiting plant growth in saline soils: Some dogmas and hypotheses.
Plant Cell Environ. 1993, 16, 15–24. [CrossRef]
16. Wright, I.J.; Dong, N.; Maire, V.; Prentice, I.C.; Westoby, M.; Díaz, S.; Gallagher, R.V.; Jacobs, B.; Kooyman, R.;
Law, E.A.; et al. Global climatic drivers of leaf size. Science 2017, 357, 917–921. [CrossRef] [PubMed]
17. Crosbie, R.S.; Wilson, B.; Hughes, J.D.; McCulloch, C. The upscaling of transpiration from individual trees to
areal transpiration in tree belts. Plant Soil 2007, 297, 223–232. [CrossRef]
18. Gates, D.M. Transpiration and energy exchange. Q. Rev. Biol. 1966, 41, 353–364. [CrossRef] [PubMed]
19. Niklas, K.J.; Christianson, M.L. Differences in the scaling of area and mass of Ginkgo biloba (Ginkgoaceae)
leaves and their relevance to the study of specific leaf area. Am. J. Bot. 2011, 98, 1381–1386. [CrossRef]
[PubMed]
20. Farhangi-Abriz, S.; Torabian, S. Effect of biochar on growth and ion contents of bean plant under saline
condition. Environ. Sci. Pollut. Res. 2018, 25, 11556–11564. [CrossRef] [PubMed]
21. Poorter, L.; Rozendaal, D.M.A. Leaf size and leaf display of thirty-eight tropical tree species. Oecologia 2008,
158, 35–46. [CrossRef]
22. Jucsor, N.; Ciulca, S.; Sumalan, R. Estimation of leaf area in cup plant (Silphium perfoliatum) using different
leaf traits. J. Horticul. For. Biotechnol. 2018, 22, 40–44.
23. Musarella, C.M.; Cano-Ortiz, A.; Piñar Fuentes, J.C.; Navas-Ureña, J.; Pinto Gomes, C.J.; Quinto-Canas, R.;
Cano, E.; Spampinato, G. Similarity analysis between species of the genus Quercus L. (Fagaceae) in southern
Italy based on the fractal dimension. PhytoKeys 2018, 113, 79–95. [CrossRef]
24. Zhang, X.; Zhao, W.; Luo, H.; Chen, L.; Peng, J.; Fan, J. Plant recognition via leaf shape and margin features.
Multimed. Tools Appl. 2019, in press. [CrossRef]
25. Sinclair, C.; Hoffman, A.A. Monitoring salt stress in grapevines: Are measures of plant trait variability useful?
J. Appl. Ecol. 2003, 40, 928–937. [CrossRef]
26. Baneh, H.D.; Hassani, A.; Shaieste, F.G. Effects of salinity on leaf mineral composition and salt injury
symptoms of some Iranian wild grapevine (Vitis vinifera L. ssp. sylvestris) genotypes. OENO One 2014, 48,
231–235. [CrossRef]
27. Nicotra, A.B.; Leigh, A.; Boyce, C.K.; Jones, C.S.; Niklas, K.J.; Royer, D.L.; Tsukaya, H. The evolution and
functional significance of leaf shape in the angiosperms. Funct. Plant Biol. 2011, 38, 535–552. [CrossRef]
28. Milla, R.; Reich, P.B. The scaling of leaf area and mass: The cost of light interception increases with leaf size.
Proc. R. Soc. B 2007, 274, 2109–2114. [CrossRef]
29. Niklas, K.J.; Cobb, E.D.; Niinemets, Ü.; Reich, P.B.; Sellin, A.; Shipley, B.; Wright, I.J. “Diminishing returns” in
the scaling of functional leaf traits across and within species groups. Proc. Natl. Acad. Sci. USA 2007, 104,
8891–8896. [CrossRef]
30. De Carvalho, J.O.; Toebe, M.; Tartaglia, F.L.; Bandeira, C.T.; Tambara, A.L. Leaf area estimation from linear
measurements in different ages of Crotalaria juncea plants. An. Acad. Bras. Ciênc. 2017, 89, 1851–1868.
[CrossRef]
31. Montgomery, E.G. Correlation studies in corn. In Annual Report No. 24; Agricultural Experimental Station:
Lincoln, NB, USA, 1911.
32. Shi, P.J.; Liu, M.D.; Yu, X.J.; Gielis, J.; Ratkowsky, D.A. Proportional relationship between leaf area and the
product of leaf length and width of four types of special leaf shapes. Forests 2019, 10, 178. [CrossRef]
33. Palaniswamy, K.M.; Gomez, K.A. Length-width method for estimating leaf area of rice. Agron. J. 1974, 66,
430. [CrossRef]
Symmetry 2019, 11, 991 15 of 15
34. Wang, P.; Ratkowsky, D.A.; Xiao, X.; Yu, X.J.; Su, J.L.; Zhang, L.F.; Shi, P.J. Taylor’s power law for leaf bilateral
symmetry. Forests 2018, 9, 500. [CrossRef]
35. Leigh, A.; Zwieniecki, M.A.; Rockwell, F.E.; Boyce, C.K.; Nicotra, A.B.; Holbrook, N.M. Structural and
hydraulic correlates of heterophylly in Ginkgo biloba. New Phytol. 2011, 189, 459–470. [CrossRef]
36. Bailey, L.H. Pyrus; Standard Cyclopedia of Horticulture: Macmillan, NY, USA, 1917.
37. Rubtsov, G.A. Geographical distribution of the genus Pyrus and trends and factors in its evolution. Am. Nat.
1944, 78, 358–366. [CrossRef]
38. Okubo, M.; Sakuratani, T. Effects of sodium chloride on survival and stem elongation of two Asian pear
rootstock seedlings. Sci. Hortic. 2000, 85, 85–90. [CrossRef]
39. Robbani, M.; Banno, K.; Yamaguchi, K.; Fujisawa, N.; Liu, J.Y.; Kakegawa, M. Selection of dwarfing pear
rootstock clones from Pyrus betulaefolia and P. calleryana seedlings. J. Jpn. Soc. Hortic. Sci. 2006, 75, 1–10.
[CrossRef]
40. Okubo, M.; Furukawa, Y.; Sakuratani, T. Growth, flowering and leaf properties of pear cultivars grafted on
two Asian pear rootstock seedlings under NaCl irrigation. Sci. Hortic. 2000, 85, 91–101. [CrossRef]
41. Matsumoto, K.; Tamura, F.; Chun, J.P.; Ikeda, T.; Imanishi, K.; Tanabe, K. Enhancement in salt tolerance of
Japanese pear by using Pyrus betulaefolia rootstock. Hortic. Res. (Jpn.) 2007, 6, 47–52. [CrossRef]
42. Tamura, F. Recent advances in research on Japanese pear rootstocks. J. Jpn. Soc. Hortic. Sci. 2012, 81, 1–10.
[CrossRef]
43. Shi, P.J.; Huang, J.G.; Hui, C.; Grissino-Mayer, H.D.; Tardif, J.C.; Zhai, L.H.; Wang, F.S.; Li, B.L. Capturing
spiral radial growth of conifers using the superellipse to model tree-ring geometric shape. Front. Plant Sci.
2015, 6, 856. [CrossRef]
44. Shi, P.J.; Ratkowsky, D.A.; Li, Y.; Zhang, L.F.; Lin, S.Y.; Gielis, J. A general leaf area geometric formula exists
for plants: Evidence from the simplified Gielis equation. Forestry 2018, 9, 714. [CrossRef]
45. Su, J.L.; Niklas, K.J.; Huang, W.W.; Yu, X.J.; Yang, Y.Y.; Shi, P.J. Lamina shape does not correlate with lamina
surface area: An analysis based on the simplified Gielis equation. Glob. Ecol. Conserv. 2019, 19, e00666.
[CrossRef]
46. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2015; Available online: http://www.R-project.org (accessed on 17 April 2018).
47. Shi, P.J.; Zheng, X.; Ratkowsky, D.A.; Li, Y.; Wang, P.; Cheng, L. A simple method for measuring the bilateral
symmetry of leaves. Symmetry 2018, 10, 118. [CrossRef]
48. Zhou, H.H.; Li, W.H. Responses and adaptation of xylem hydraulic conductivity to salt stress in
Populus euphratica. Chin. J. Plant Ecol. 2015, 31, 81–91.
49. Greenway, H.; Munns, R. Mechanisms of salt tolerance in non-halophytes. Annu. Rev. Plant Physiol. 1980, 31,
149–190. [CrossRef]
50. Munns, R.; Termaat, A. Whole-plant responses to salinity. Aust. J. Plant Physiol. 1986, 13, 143–160. [CrossRef]
51. Bernstein, N.; Silk, W.K.; Läuchli, A. Growth and development of sorghum leaves under conditions of NaCl
stress. Planta 1993, 191, 433–439. [CrossRef]
52. Sumida, A.; Komiyama, A. Crown spread patterns for five deciduous broad-leaved woody species ecological
significance of the retention patterns of larger branches. Ann. Bot. 1997, 80, 759–766. [CrossRef]
53. Sumida, A.; Terazawa, I.; Togashi, A.; Komiyama, A. Spatial arrangement of branches in relation to slope
and neighbourhood competition. Ann. Bot. 2002, 89, 301–310. [CrossRef]
54. King, D.A. Allometry of saplings and understorey trees of a Panamanian forest. Funct. Ecol. 1990, 4, 27–32.
[CrossRef]
55. Küppers, M. Ecological significance of above-ground architectural patterns in woody plants: A question of
cost-benefit relationships. Trends Ecol. Evol. 1989, 4, 375–379. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
